Precise force generation and absorption during stepping over different obstacles need to be quantified for task accomplishment. This study aimed to quantify how the lead limb (LL) and trail limb (TL) generate and absorb forces while stepping over obstacle of various heights.
Background
Tripping during locomotion can be caused of falls in older adults. Falls often occur without prior warning sign [1] and are a major cause of morbidity and mortality [2] . The ability to accomplish obstacle negotiation is essential for independent mobility, which requires proper adaptive locomotor responses to optimize the step and good single-leg balance maintenance [3] . Difficulty with obstacles is especially common in the elderly and persons with pathology [4] [5] [6] [7] [8] [9] . Understanding the kinematic and kinetic data when stepping over obstacles will provide useful information for training of persons with ambulatory limitations [4] [5] [6] 10] . To step over an obstacle, there must be balance control of the supporting limb and increased lifting of the lead leg as it steps over the obstacle [11] . Successful obstacle stepping requires precise and sequential limb movements. The lead limb (LL) must first cross the obstacle, followed by the trail limb (TL). A report has indicated that individuals sometimes have difficulty controlling the movement in the TL due to loss of visual feedback [12] . Lower limb trajectory over an obstacle is updated by concurrent lower visual field information [13] . Visible properties of the obstacle such as different widths and heights were used for altering gait pattern and leg movement to avoid or accommodate obstacles [14] .
The TL has a shorter time and lesser distance for safe preparation to step with appropriate clearance. Lesser toe clearance of the TL was presented when compared to the LL and it may lead to tripping and falling [15, 16] . Adaptive movement characteristics automatically occur in healthy young adults when confronted with altered environmental situations and trip perturbations [15, 17, 18] . Obstacle stepping performance may be expressed in terms of kinematic behaviors such as movement control of the limbs, toe clearance quality, and stepping time [9, 12, 15, 16] .
The contribution of kinetic characteristics is often used to explain the process of gait [10] and locomotion [19] control. Patterns of force generation/absorption and their related time help us understand the adaptive mechanisms needed for proper and safe movement control [19, 20] . Therefore, the purpose of this study was to monitor how the LL and TL forces are modulated when stepping over obstacles of various heights, as well as to determine the contribution of kinetic data to understanding normal mechanism control in young adults.
Material and Methods

Participant
Thirteen healthy young women participated in the study. Average age was 20.5±1.33 years, average weight was 52.5±3.66 kg, and average height was 158.7±31.1 cm. The subjects were free from any diseases that impede mobility and had no deficits of vision, hearing, or balance control. Prior to participation, all participants signed informed consent approving by University Research Review Board (MU-IRB 2012/093.0210).
Procedure
Participants walked along an 8-meter walkway at a comfortable gait speed and stepped over obstacle boxes (5 cm in width and 80 cm in length) of different heights: 5 cm, 20 cm, and 30 cm. The boxes were placed between 2 force plates (Advanced Mechanical Technologies, Boston, MA series OR-067). Force parameters during walking over the obstacle were collected for the LL and TL at 1000 Hz.
Data analysis
GRFs data included time to the first peak force, time to minimum force, time to the second peak force, time to braking peak force, time to propulsive peak force, first peak vertical force, minimum vertical force, second peak vertical force, braking peak force, propulsive peak force, vertical impulse, braking impulse, and propulsive impulse (Figure 1 ). GRFs were normalized by body weight (BW) and reported as %BW. Time to the peak forces were reported in seconds. Impulses were calculated by the following equation and were reported as Ns/BW; Impulse = ���� ��� � ��� Figure 1 . Ground reaction forces (GRFs) data included the vertical force (first peak vertical force, minimum vertical force, and second peak vertical force), the anteroposterior force (braking peak force and propulsive peak force), and time to peak force (first peak vertical force (T1), time to minimum force (T2), time to second peak vertical force (T3), time to braking peak force (T4), and time to propulsive peak force (T5). 
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Force data were selected when each foot contacted the force plate and were filtered by the Woltring routine method. Three walking trials were collected and 1 successful trial was used for analyses.
Statistical analysis
A power analysis testing by G*Power statistical software version 3.1.9.2 was performed beyond the data of 5 participants. Priori test to compute the required sample size for 1-way repeated measure was performed. Required range of sample sizes to find a statistically significant difference among conditions in almost GRFs variables with a type 1 error of 0.05 and a power of 0.90 were 2 and 12, except for time to the first peak force of lead limb, second peak vertical force of lead limb, and time to braking peak force of trail limb, which required more than 30 samples. Thus, 13 volunteer participants were recruited in the study.
All data were analyzed by SPSS version 16.0 and demonstrated normal distribution tested by Kolmogorov-Smirnov goodness of fit test. Two limbs (right or LL and left or TL) and 4 conditions of walking (no obstacle, crossing over 5 cm, 20 cm, and 30 cm obstacle heights) were tested for the main effect and interaction effect by 2-way ANOVA. Paired t-test and 1-way repeated-measures ANOVA were used to compare the differences of force variables between limbs and among walking conditions. LSD was used to find differences among conditions. 
Results
Main effect and interaction effect of limbs and conditions
Comparisons of force variables between limbs in each walking condition
In each condition of obstacle crossing, the paired t-test was used to compare the variables between sides. No significant difference between the left and right sides was found when walking in the no obstacle condition ( Figure 2 ). When crossing the 5 cm obstacle height, there were significant differences of time to the second peak force (p=0.001) and time to propulsive peak force (p=0.002) between LL and TL ( Figure 3) . When crossing the 20-cm obstacle height, significant differences were found between the LL and TL in time to propulsive peak force (p=0.024), minimum vertical force (p=0.005), propulsive peak force (p=0.024), braking impulse (p=0.004), and propulsive impulse (p=0.010) (Figure 4 ). For crossing an obstacle 30 cm high, significant differences were found between LL and TL in first peak vertical force (p=0.001), minimum vertical force (p=0.001), braking peak force (p=0.010), propulsive peak force (p=0.002), braking impulse (p=0.001), and propulsive impulse (p=0.001) ( Figure 5 ).
Comparisons of force variables among walking conditions in each of the LL and TL As the obstacle height increased, the LL had increased braking peak force, propulsive peak force, vertical impulse, braking impulse, and propulsive impulse. 
Discussion
We investigated kinetic and temporal strategies adopted in healthy young adults while stepping over obstacles of different heights. We determined the influence of condition and limb, as well as interaction effect of condition and limb, on kinetic variables while stepping over obstacles. In the no obstacle condition, similar patterns and values of the variables for the LL and TL were demonstrated as general gait character. The difference of force generation between the LL and TL increased with greater obstacle heights. Alterations of the temporal, force, and impulse were found in the vertical and anteroposterior directions.
We found changes in kinetic variables following different obstacle conditions. Stepping over a high obstacle required longer time to peak force, increased force, and increased impulse in both the LL and TL, except for time to braking peak force. The key moment of obstacle crossing happens when the LL lands after stepping over an obstacle and the TL must generate propulsive force to carry the body and the TL across the obstacle [10] ; this is when the body weight is on the LL and the TL steps over the obstacle safely without visual feedback. Achievement of the task demonstrated postural and balance control on the TL, coupled with motor executive function of the LL.
Previous studies demonstrated that normal adults are able to adjust their limb to allow the foot to clear the obstacle. The lead foot clearance assessed by distance between toe and obstacle did not change even when the obstacle height was increased [4, 15, 21] , whereas trail clearance increased with increasing obstacle height [21] . Control of human locomotion requires a proper motor coordination strategy that is safe and energy efficient. A high-stepping gait may be a strategy to avoid tripping over an obstacle [21] . Asymmetrical toe clearance can increase risk of tripping while elderly individuals try to step over an obstacle, with much lower distance of foot clearing of the TL than the LL [22] . However, a strategy of high stepping or excessive asymmetrical gait modulation creates high demand of metabolic energy and reduces control for normal movement. Previous research on gait pattern adaptations when stepping over obstacles of different heights demonstrated that step length [21] was not influenced by the height, but that crossing speed decreased [23] and step duration increased [23] across obstacle heights. Over different obstacle heights, the center of pressure velocity during the loading response phase was not changed, but decreased during midstance [24] . In the present study, we found kinetic alteration while stepping over obstacles of different heights, as demonstrated by adaptability of obstacle crossing in young healthy adults. The time to minimum force, time to the second peak force, and time to propulsive peak force were increased following the increased obstacle height, both in the LL and TL. Increase in braking and propulsive peak forces and increase in vertical and propulsive impulses were demonstrated when height was increased, both in the LL and TL. Moreover, the TL had greater adaptability in force variables compared to the LL. These findings demonstrated an increase in the first peak vertical force and braking impulse and a decrease in minimum force when height was increased only in the TL. The findings are consistent with a previous kinetic study [10] , in which Begg et al. [10] reported that the TL generated greater vertical and propulsive forces during the push-off phase than the LL.
Obstacle crossing is requires mutually interdependent control of the LL and TL. For normal control, we found that the difference between LL and TL was increased in the tested variables when the height of obstacle was increased. Comparisons among conditions in each limb demonstrated the adaptability of time and force control when the height was increased. Time to minimum force, time to the second peak force, and time to braking peak force were delayed when height was increased. Braking peak force was increased with increased obstacle height, but was relatively constant when changing from the 20-cm to 30-cm obstacle height in both the LL and TL. When confronted with obstacles of different heights, body movement is modified, allowing proper force generation and absorption, perhaps associated with maintaining postural balance and reducing energy consumption. This is supported by the unchanged values of some variables such as braking impulse of the LL and propulsive impulse of the TL when obstacle height changed from 20 cm to 30 cm. It is also important to note that the force-time characteristic under the LL reflects not only control of TL over obstacles but also landing of the LL after clearing obstacles.
Conclusions
Our results show that the constraints of stepping over obstacles imposed different kinetic demands on the LL and TL, with the complicated interaction of force time characteristics. Strategic movement control during obstacle crossing with different heights in young healthy subjects indicated the ability to adapt movement to environmental conditions. These findings may be used as a model when comparing healthy young people to the elderly and to those who have physical impairments. Further research should investigate the intersegmental dynamic control and muscle activity underlying locomotor adjustments during obstacle crossing.
